carbohydrates while the fouled membrane from the 10-d SRT did not. This is consistent with the 7 fact that, although the total carbohydrate soluble microbial product (SMP) concentration was 8 highest at the 10-d SRT, the carbohydrate was mostly low molecular weight (<1 kDa) molecules 9 and 97% of this carbohydrate passed through the membrane at the 10-d SRT. 10 11
the SMBR was operated for 3 SRTs before any detailed analysis of mixed liquor properties was 1 performed. The SMBR was operated with 9-min cycle intervals. At the end of each cycle 2 permeate flow was stopped for 30 s and the membranes were "relaxed." The SMBR membranes 3 were soaked for 12 h with a 0.1% sodium hypochlorite solution between operating conditions 4 and when membrane permeability needed to be restored. 5
At each experiment, the transmembrane pressure was monitored and used to calculate the 6 specific flux expressed as L/m 2. h . bar. At steady-state conditions, the specific flux decreased 7 almost linearly and the rate of its decrease was used as a measure of fouling rate. This rate is 8 expressed as a change of the specific flux per unit of time. We adopted the units of L/m 2. h . bar . d 9 to underscore the origin of this parameter and to help in its applications. Theoretically, the 10 fouling rate is equal to µ . (-dR/dt) where µ is the dynamic viscosity of the filtrate and R is the 11 total filtration resistance. 
Soluble Microbial Products (SMP) and Extracellular Polymeric Substances (EPS):
The EPS 1 content was measured as carbohydrate and protein using a cation exchange resin (CER) (Dowex  2 Marathon  C, Na + form, Sigma-Aldrich, Bellefonte, PA) extraction method (Frolund et al., 3 1996) . A mixed liquor sample was immediately cooled to 4 o C to minimize microbial activity. 4
The exchange resin (70 g of CER/g VSS) was added to a 50-mL sample and mixed at 600 rpm 5 using a single blade paddle for 2 h at 4 o C. The mixture (50 mL) was centrifuged for 15 min at 6 12,000 g to remove MLSS and CER. Supernatant carbohydrate and protein concentrations were 7 measured colorimetrically by the methods of Dubois et al. (1956) and Lowry et al. (1951), 8 respectively. At the same time, 50 mL of untreated mixed liquor was centrifuged for 15 min at 9 12,000 g, and the protein and carbohydrate concentrations were determined on the supernatant to 10 represent the soluble fraction (or SMP). The centrifuge supernatant of the mixed liquor sample 11 represented the SMP concentration, and the centrifuged supernatant of the sample after CER 12 addition represented the sum of SMP and EPS concentrations. The difference between these 13 measurements is the EPS concentration. Bovine serum albumin (BSA) was used as a protein 14 standard, and dextrose was used as a carbohydrate standard. 15 16 Molecular Weight Fractionation: The influent wastewater, SMP, EPS and SMBR effluent 17 from steady-state operation were fractionated by molecular weight and analyzed for 18 carbohydrate and protein as described above. Polyethersulfone (PES) membranes (Microsep, 19 PALL Corporation, USA) with nominal molecular weight cutoffs (NMWCOs) of 10 and 1 kDa 20 were used in parallel to determine the molecular weight fractions. 21 filtration resistance through an ultrafiltration membrane (NMWCO 300 kDa, polyethersulfone, 2 41.8cm 2 , Amicon, USA) for components of the mixed liquor, SMP and suspended solids. The 3 mixed liquor resistance was determined by filtering 300 mL under constant pressure (69 kPa) 4 and measuring flow rates as a function of time. A plot of t/V versus V was then constructed to 5 determine the mixed liquor modified fouling index (MFI ML ) and normalized to 210 kPa and 6 20 o C. Schippers and Verdouw (1980) originally proposed the modified fouling index (MFI) to 7 characterize the colloidal fouling potential of feed waters in the reverse osmosis process. It is 8 based on the theory that stable cake filtration exists for the majority of the filtration volume. 9
Compression of the cake can occur at higher pressures and depends on the nature of the colloidal 10 matter and suspended solids being filtered. If cake compression occurs the resulting analysis will 11 be non-linear and data will not fit this simple model. A 300-mL SMP sample was filtered to 12 determine the MFI SMP . The filtrates from both the mixed liquor and SMP batch filtration tests 13 were collected. The filtration resistance of the suspended solids was determined by centrifuging 14 300 mL of mixed liquor at 12,000 g for 15 min (same procedure as SMP) then pouring off the 15 supernatant. The pellet was re-suspended in 300 mL of collected filtrate from the previous batch 16 experiments (MFI SMP and MFI ML experiments). The suspension of suspended solids and filtrate 17 was then placed in the ultrafiltration cell and the resistance of the solids (MFI SS ) was determined. 18
19
Estimate of Fouled Membrane Resistance Terms: The total fouled membrane resistance (R) is 20 the sum of the resistances from the membrane (R M ), the foulant (R F ), and the cake (R C ). The R C 21 and R F terms of the fouled membranes were estimated at the completion of each operating 22 condition. Prior to shutting down the reactor to chemically clean the membrane, 9 L of 23 membrane permeate was collected. The reactor was shut down and sludge was diverted to a 1 temporary storage tank. The reactor was then filled with permeate and a flux profile was 2 determined without coarse bubble aeration to estimate R. Coarse bubble aeration was then 3 provided for 4 h without permeation to remove the readily removable cake layer (cells, organics, 4 and particulate matter). After 4 h of aeration, the membrane permeate and the readily removable 5 solids were drained from the membrane tank and a second flux profile was determined using 6 fresh membrane permeate with coarse bubble aeration. This estimated the sum of the R F and R M 7 terms. The membrane was then chemically cleaned and a clean water profile was determined to 8 estimate R M . 9
10

RESULTS
11
Membrane Performance During SMBR Operation: Figure 2a Figure 3a shows the fouled membrane resistances at the 1 conclusion of the 10-d SRT condition. It is observed that the total filtration resistance was 2 4.2x10 12 m -1 and close to 90% of this resistance was attributed to an organic foulant, R F . It was 3 concluded that the foulant was organic in nature because R M was restored to its initial value 4 without requiring a low pH clean. Figure 3b presents the fouled membrane resistances at the 5 conclusion of the 2-d SRT. There was a significant amount of cake resistance, R C , at 15%, but R F 6 still represented the majority of the filtration resistance at 64%. Additionally, Figure 3b shows 7 that the total filtration resistance was only 2.1x10 12 m -1 , 50% of the total filtration resistance 8 observed at the conclusion of the 10-d SRT condition. This is an important finding that identifies 9 the importance of the mixed liquor properties for SMBR membrane fouling. Observing Figure 2 , 10 the temperature corrected specific flux was similar at the conclusion of both SRT conditions (e.g. 11 last data point on Figures 2a and 2b) . In fact, the specific flux at the conclusion of the 2- 4.2x10 12 m -1 ), the observed membrane fouling during SMBR operation was similar because of 19 significant differences in mixed liquor properties. 20 Table 3  21 shows that the total SMP concentration is higher at the 2-d SRT and the authors have shown in 22 previous work that higher SMP concentrations results in higher membrane fouling rates (Trussell 23 carbohydrate (SMP c ) concentrations. Previous authors have correlated increased membrane 2 fouling rates with carbohydrate (Lesjean et al., 2005 , Rosenberger and Kraume, 2002 , Trussell et 3 al., 2006 , but an opposite relation was observed in these experiments. Carbohydrate was highest 4 when the membrane fouling rate was lowest. 5 Table 4 shows the EPS concentrations at the 10-d and 2-d SRTs. The 2-d SRT condition 6 had a higher amount of total EPS (attributed to the protein fraction) than the 10-d SRT condition. 7
Soluble Microbial Products (SMP) and Extracellular Polymeric Substances (EPS):
Higher EPS concentrations have long been believed to be responsible for increased membrane 8 fouling rates (Chang and Lee, 1998, Hodgson et al., 1993) . However, more recently, Yun et al. occurs when an MBR is operated at an SRT that is low enough to suppress nitrification. Figure  17 4a shows the total carbohydrate concentration and the fractions of molecules greater than 10 18 kDa, between 10 kDa and 1 kDa, and less than 1 kDa at various stages in the SMBR process. 19
The highest molecular weight carbohydrates were present in the influent wastewater with 75% 20 greater than 10 kDa. At a 10-d SRT, the total carbohydrate concentration in the SMP c was double 21 that in the influent, 23.6 mg/L compared to 12.0 mg/L. However, the SMP c was 90% less than 1 22 kDa and readily passed through the membrane with only 3% of the SMP c being retained in thereactor at the 10-d SRT, thus exhibiting little membrane fouling potential. At the 2-d SRT 1 however, the membrane rejected almost 80% of the SMP c even though the total SMP c 2 concentration (10.4 mg/L) was about the same as that in the influent (12.0 mg/L). It was 3 observed that this was because more than 80% of the SMP c was greater than 10 kDa and these 4 high molecular weight carbohydrates are retained in the reactor by the membrane, causing an 5 increased membrane fouling potential. 6 Figure 4b shows the total protein concentration and the molecular weight fractions at 7 various stages in the SMBR process. The highest protein concentration (63.1 mg/L) was 8 observed in the influent wastewater with 59% greater than 10 kDa. Different than the 9 carbohydrate, the total protein concentration decreased by 78% (from 63.1 mg/L to 14.1 mg/L) 10 from the influent to the SMP p present in the mixed liquor for the 10-d SRT. However for the 2-d 11 SRT, the total SMP p concentration (49.1 mg/L) was only reduced 22% from its influent 12 concentration (63.1 mg/L). Similar to the carbohydrates, the membrane rejected less at the 10-d 13 SRT (e.g. only 25% of the SMP p ) than it did at the 2-d SRT (73% of the SMP p ). Again, this is 14 largely due to the fact that the membrane retains the high molecular weight molecules in the 15 reactor while the lower molecular weight proteins passed freely to the effluent. 16 17 EPS Molecular Weights: Similar to the SMP, the EPS molecular weights were higher with 18 decreasing SRT. As a result, Figure 5 presents similar total carbohydrate EPS concentrations, but 19 the majority (e.g. >50%) of the EPS was higher than 10 kDa at the 2-d SRT while the majority 20 was less than 10 kDa, but more than 1 kDa at the 10-d SRT. 21 Figure 6 presents the total protein EPS concentrations and the molecular weights of these 22 molecules. Similar to the carbohydrate, the majority (e.g. >50%) of the protein EPS was higher 23 than 10 kDa at the 2-d SRT while the majority was less than 10 kDa, but more than 1 kDa at the 1 10-d SRT. As addressed earlier, there is conflicting literature on the impact of the total EPS 2 concentration on membrane fouling. The authors believe that the higher concentrations of high 3 molecular weight organics in the EPS impacted the sludge filtration behavior. As discussed in 4 the section on the fouled membrane resistances, the cake resistance, R C , was more significant at 5 the 2-d SRT than at the 10-d SRT. This is because of differences in the solids properties; a 6 significant difference in the EPS properties identified here is that a majority of high molecular 7 weight organics was present at the 2-d SRT. These high molecular weight organics are likely 8 adsorbed organics from the influent wastewater that have only been partially degraded. In 9 contrast, the 10-d SRT had little R C and had lower molecular weight organics in the EPS. The MFI SMP accounted for 69% and 58% of the total resistance respectively at both 10-d and 2-d 10 SRTs (Figure 7 ). This is similar to the fouled membrane resistance components observed at the 11 end of the steady state operating conditions. For clarity, the soluble and colloidal fraction of the 12 mixed liquor has been shown to be the predominant cause of membrane fouling in a properly 13 operating MBR (Fan and Zhou, 2007 , Fan et al., 2006 , Rosenberger et al., 2006 , Trussell et al., 14 2006 ) and the majority of membrane fouling is attributed to organics (R F ) and the majority of the 15 mixed liquor hydraulic resistance comes from the soluble phase, containing colloids and soluble 16 organics. 17
18
The MFI SS increased from 10% to 26% as the SRT decreased from 10 to 2 d demonstrating the 19 increased filtration resistance attributed to the suspended solids. The increased MFI SS was likely 20 due to changes in EPS properties (e.g. molecular weight of EPS) rather than the higher total EPS 21 concentration. Again, the R C was more prevalent at the 2-d SRT where the molecular weights arehigher and the MFI SS was also higher compared to the 10-d SRT. So, the changes in the solids 1 properties have been quantified and the solids are more "sticky" at the 2-d SRT. • Fouled membrane resistances were primarily attributed to an organic foulant 4
• The fouled membrane resistance for the 2-d SRT condition was only 50% of the 5 fouled membrane resistance for the 10-d SRT, even though the temperature 6 corrected specific flux was similar for both conditions before shutting down the 7 reactor. This is because of differences in the mixed liquor filterability as 8 demonstrated with the batch stir cell tests (e.g. MFI ML was > 2.5 greater at the 2-d 9 SRT compared to the 10-d SRT). 10
• Higher molecular weight carbohydrate and protein was observed at the lower SRT 11
condition. This appears to be partially degraded influent organics because the 12 molecular weights are more similar to that of the influent wastewater. 13
• Because the organics were higher molecular weight molecules, the membrane 14 retained more protein and carbohydrate in the reactor at the 2-d SRT condition 15 than at the 10-d, resulting in a greater membrane fouling potential. 16
• A "sticky" cake was identified at the 2-d SRT with the presence of R C on the 17 fouled membrane and a 6-fold increase in the MFI SS between the 2-d and 10-d 18
SRTs supported this finding. The molecular weight data supports the importance 19 of the EPS properties, not simply the total EPS concentration, in creating this 20 "sticky" cake. 21
• FTIR showed that carbohydrate was a prevalent foulant on the fouled membrane 22 sample from the 2-d SRT condition, but not at the 10-d SRT. This finding was 
